The ratio of glutathione disulfide (GSSG) to reduced glutathione (GSH) in biological samples is a frequently used parameter of oxidative stress. As a result, many methods have been developed to measure GSSG. The most popular and convenient of these relies on enzymatic cycling following the chemical masking of GSH in the sample using 2-vinylpyridine (2VP). However, 2VP is a slow reactant and its use may result in artificially high GSSG values due to oxidation of the sample over time. Faster-reacting reagents like N-ethylmaleimide (NEM) may provide more accurate results. We have performed a direct comparison of methods using 2VP and NEM. With 2VP, the percentage of total glutathione (GSH+GSSG) in the oxidized form was significantly higher in all tested tissues (kidney, lung, and liver) compared to the same procedure performed using NEM. We conclude that NEM, when coupled with a simple solid phase extraction procedure, is more accurate for determination of GSSG. We also tested the effects of various handling and storage conditions on GSSG. A detailed description and a discussion of other methods are also included.
INTRODUCTION
Glutathione is a ubiquitous thiol-containing tripeptide with normal intracellular concentration in the millimolar range. Among other roles, the chemical properties and relative abundance of this molecule makes it well-suited to function as an antioxidant. In such cases, a portion of the reduced glutathione (GSH) in the cell can donate hydrogen to reduce peroxides and free radicals, becoming oxidized to glutathione disulfide (GSSG). Combined with the protective effects of reversible protein S-glutathionylation, this scavenging behavior effectively saves other molecules in the cell from the same fate.
Because of this, the ratio of GSSG to GSH in biological samples is often used as an indicator of oxidant stress and injury in toxicological studies (Meister and Anderson, 1983; Jaeschke, 1990; Jones, 2002; Knight et al., 2001; 2003; Valko et al., 2007) .
Early methods used to measure GSSG involved the chemical masking of GSH in the samples to be tested, followed by enzymatic cycling of the GSSG to GSH by glutathione reductase (GR) and NADPH. Measurement of GSSG was based on oxidation of NADPH (Guntherberg and Rost, 1966; Srivastava and Beutler, 1967) or formation of 5-thio-2-nitrobenzoic acid (TNB), the reduced form of dithionitrobenzene (DTNB), in the cycling assay ( Fig. 1) (Tietze, 1969) . Early practitioners used the fast-reacting N-ethylmaleimide (NEM) as their masking agent (Guntherberg and Rost, 1966) . However, NEM is known to inhibit GR and efforts to remove excess NEM proved largely impractical. To circumvent this difficulty, NEM was substituted with 2-vinylpyridine (2VP) as the GSH masking agent (Griffith, 1980) . This method has since become standard for determination of GSSG in most biological samples. This approach has several advantages over more recent analytical methods including low cost and convenience of use. However, a potential problem with this method is that 2VP reacts with GSH very slowly. At room temperature, complete masking of GSH takes approximately 1 h. During this time, it is possible for GSH in the sample to become oxidized due simply to exposure to ambient conditions, yielding reports of erroneously high GSSG/GSH values. Adams et al. (1983) introduced a method for determination of the GSSG content using NEM with solid phase extraction. This method was later modified to reduce certain errors (Jaeschke and Mitchell, 1990) . In this paper, we describe the modified method more fully and directly compare it with the more common approach that uses 2VP. Our results show the superiority of NEM with solid phase extraction to the current standard. While newer methods for determination of glutathione content than those mentioned have been reported in the literature, most of these require expensive equipment or kits, questionable handling of material, or are laborious and time-intensive. We believe that the procedure described here can provide physiologically accurate results without any of these specific disadvantages. Because it was clear from our comparison of NEM and 2VP that sample handling may also affect GSSG results, we have tested the effect of storage conditions and time-to-storage on GSSG values.
METHODS

Animals
Wildtype C57BL/6J were purchased from Jackson Laboratories (Bar Harbor, ME). All animals were housed in an environmentally controlled room with 12-hr light/dark cycle and allowed free access to food and water. Animals were euthanized under anesthesia by exsanguination and diaphragmatic rupture. Organs were excised and rinsed in saline. Except where noted otherwise, livers were freeze-clamped immediately following removal and stored at −80°C. Other organs were snap frozen in liquid nitrogen and also stored at −80°C.
Reagents and Chemicals
Mono-and di-potassium phosphate were purchased from J.T. Baker (Phillipsburg, NJ). All other chemicals were purchased from Sigma (St. Louis, MO). The following reagents were used in experiments: Solution 1: 600 mM potassium phosphate (pH 7.2), 1.2 mM DTNB, 30 mM EDTA, and 0.08% BSA. Solution 2: 100 mM Imidazole (pH 7.2), 2 mM EDTA, and 0.04% BSA. Reaction Mix: 0.5 mg/mL NADPH and 1.60 U/mL of Glutathione Reductase added to appropriate volume of Solution 2 (Fig. 1) .
Sample Processing
Frozen tissue was weighed on ice and rapidly homogenized in ice cold 3% sulfosalicylic acid (SSA) containing 0.1mM EDTA with a PowerGen Model 125 blade-type homogenizer to yield a 10% (w/v) homogenate. 200 μL of this homogenate was immediately transferred to 1 mL of a 10 mM NEM solution prepared in 100 mM potassium phosphate buffer on ice. Another aliquot of the homogenate was diluted 1:50 in 0.01 N HCl in H 2 O for use in determination of total glutathione. Tubes were then centrifuged at 4°C, 14,000 × g, for 4 minutes and the deproteinized supernatants were transferred to fresh tubes. All samples were kept on ice. Removal of excess NEM was accomplished by chromatographic separation using a small C 18 column (Sep-Pak; Waters Associates, Millipore Corporation, Milford, PA). 700 μL of sample was passed through the column (~1 drop/sec) by injection and into a fresh tube, followed by 1 mL of 100 mM potassium phosphate buffer. Regeneration of the column for use with subsequent samples was accomplished with a 6 mL methanol rinse using a fresh syringe. To prevent interference due to methanol in the enzymatic assay, the column was air dried using the same syringe, rinsed with H 2 O, and air dried again, before applying the next sample. In all, the process required < 5 minutes per sample. Between experiments, the C 18 cartridges were stored in methanol. Determination of GSSG using 2VP as the GSH masking agent was done as described (Griffith, 1980) , in parallel with the above experiments. Briefly, 200 μL of the deproteinized supernatant was mixed with 4 μL 2VP and 12 μL triethanolamine (to pH 7.0-7.5) and incubated at room temperature for 1 h. Following the 1 h incubation, 2VP treated samples were diluted 1:30 in 100 mM potassium phosphate buffer. GSH sample supernatants in HCl were further diluted 1:26 in 100 mM potassium phosphate before measurement. NEM treated samples were used without further dilution.
Enzymatic Determination of Glutathione
150 μL of Solution 1 was added to each reaction tube, followed by 500 μL of either blank (100 mM potassium phosphate), GSH standard, or diluted sample. Timing of the reaction began with the addition of 150 μL of the enzyme-containing reaction mix. For each standard and sample, absorbance at 412 nm was recorded at exactly 10 minutes using a Shimadzu UV-1601 spectrophotometer. Sample concentrations were determined using a 7-point 0.1 -1 μmol/L standard curve.
Statistical Analysis
Data represent means ± SE for multiple experiments. Data were analyzed using the Student's t-test. P values < 0.05 were considered significant.
RESULTS
Using healthy livers from 18 C57Bl/6J mice, the intra-and inter-assay coefficients of variation (CV) were found to be 3.3% and 11.1% for GSSG measurement using NEM as the masking agent. To compare the accuracy of GSSG measurement when GSH was masked with NEM compared to 2VP, freeze-clamped or snap frozen tissues from healthy mice were weighed on ice and quickly homogenized in ice cold 3% SSA and aliquots were added to a solution containing NEM at pH 6.5. Alternatively, neat 2VP was added to the supernatants of sample homogenates and incubated for 1 h following adjustment of pH to 7.0-7.5 using triethanolamine, as described (Griffith, 1980) . NEM immediately reacts with GSH, without need for prolonged incubation. Removal of NEM from samples was accomplished with a simple chromatographic procedure using a C 18 column. GSH and GSSG following NEM removal or incubation with 2VP were measured using an enzymatic cycling method (Tietze, 1969) .
Total glutathione (GSH+GSSG) and GSSG levels were measured in liver, lung and kidney tissue from mice. GSSG levels were substantially higher when 2VP was used as the masking agent for GSH (Table 1 ). In particular, the percentage of GSH+GSSG in the form of GSSG in healthy livers was found to be much lower using NEM (Fig. 2) . These data clearly demonstrate that the prolonged reaction time of 2VP with GSH results in oxidation of unreacted GSH that leads to erroneously high GSSG values. A literature search yielded similar results from other laboratories ( Table 2) . While considerably less work appears to have been done using NEM as the GSH masking agent, available data are consistent with our results (Table 2) .
Because the longer reaction time with 2VP resulted in higher GSSG levels, we hypothesized that anything that prolongs exposure of the sample to ambient conditions could result in artifactual elevations of GSSG. To test this, we measured the effects of different storage temperatures and of time from excision of tissue to freeze-clamping on determination of GSSG/GSH+GSSG. Healthy livers were excised and immediately cut into sections. Some sections were stored at different temperatures for 3 days. Importantly, tissue stored at −20°C before testing showed a large increase in GSSG/GSH+GSSG compared with those stored at −80°C for the same length of time, and compared with fresh tissue homogenized immediately following excision and freeze-clamping (Fig. 3) . Surprisingly, sections held at room temperature for 5 or 10 minutes before freeze-clamping did not show a significant increase in GSSG/GSH (Fig. 4) .
DISCUSSION
The ratio of GSSG to GSH is a frequently used indicator of oxidant stress in cells and tissues (Smith, 1989) . However, due to the very low concentrations of GSSG relative to GSH in many tissues, it can be difficult to obtain accurate and precise measurements of GSSG alone. As a result, many methods have been introduced. While each technique has a unique set of pros and cons, the method demonstrated here has the advantages of being affordable, accessible, and capable of providing physiologically accurate results for multiple samples in parallel in a short amount of time.
The earliest methods used to measure GSSG in biological samples relied upon NEM to remove the reduced form of glutathione from the reaction mixture (Guntherberg and Rost, 1966) . However, excess NEM inhibits glutathione reductase and immediately traps any GSH, preventing GSSG cycling. Adams et al. (1983) introduced the use of a C 18 column to remove the NEM before assay. While this was effective, a difficulty with their protocol was the use of very small sample volumes with much larger volumes of reaction buffer. Even small pipetting errors during sample handling could have serious effects on the reaction rate and thus the results. Compounding this, three different reaction rates were needed to accurately determine each sample concentration: a baseline rate without added sample, a reaction rate with sample, and a third reaction rate to determine recovery after spiking the sample with a known amount of GSH. The concentration was calculated by comparison of the difference between the baseline rate and the reaction rate with a standard curve, then adjusted using the percentage of recovery determined from the third reaction rate. By modifying the method to allow much greater sample dilution, it became possible to use larger sample volumes (Jaeschke and Mitchell, 1990) . Also, such high dilutions reduce concern over reaction interference caused by other sample or homogenate components, reducing the need for a recovery test for every sample.
Despite progress with NEM-based techniques, the method of Griffith (1980) has remained the standard for determination of GSSG concentration. Unfortunately, the use of 2VP as a GSH masking agent is not devoid of problems. The slow reaction of 2VP with the initial GSH in the sample provides a window for auto-oxidation, allowing some of the GSH to be converted to GSSG and resulting in inaccurate data. GSSG/GSH+GSSG values in the 1-12% range are regularly reported for healthy or control tissue (Table 2) . Consistent with this, we observed much higher values for GSSG/GSH+GSSG using 2VP than when using NEM (Fig. 2) . Although 2VP does not appear to interfere strongly with the enzymatic cycling of GSSG, some inhibition has been noted (Griffith, 1980) . Use of the C 18 Sep-Pak column in the NEM method ensures the complete removal of NEM from the assay solution so that no inhibition can occur. Moreover, the use of 2VP can require the adjustment of pH with compounds that can definitely interfere with the enzymatic cycling. To account for this, one must either add a comparable amount of the compound to all GSH samples and standards, or prepare a separate standard curve. This is unnecessary for the method using NEM that we have demonstrated. Recently, use of the related compounds 1-methyl-2-vinylpyridinium trifluoromethane sulfonate (M2VP) and 1-methyl-4-vinylpyridinium trifluoromethane sulfonate (M4VP) to mask GSH has been described (Rahman et al., 2006; Araujo et al., 2008; Shaik and Mehvar, 2006) . However, use of these compounds is so far uncommon and results reported in the literature generally do not appear to be any more accurate than the method demonstrated here (Robin et al., 2005) .
Pre-analytic sample handling can provide additional opportunities for the introduction of error. Because initial sample processing sometimes involves several steps before freezing and storage, we decided to test the effect of prolonged exposure to ambient conditions following organ excision on the GSSG/GSH+GSSG ratio. Our tests did not show a significant increase in GSSG/GSH+GSSG up to 10 min. We also examined the effect of different storage temperatures on this parameter. Surprisingly, liver sections stored at −20°C for 3 days yielded much higher values of GSSG than those stored at −80°C. These data suggest that samples should be rapidly frozen and kept at or below −80°C for long-term storage.
Most GSSG detection methods begin with a few common steps. Samples must be collected and stored in appropriate conditions, as discussed. Before they can be assayed, tissue samples must be homogenized. The selection of homogenization method may be important. Certain instruments, such as a motorized pestle, may thaw and heat the sample during homogenization. This could provide an additional window for autooxidation. To avoid this, tissues should be kept cold and homogenized quickly. To ensure stability of the GSH and to prevent interference with the assay or damage to equipment, samples must be deproteinized following homogenization. This is usually accomplished by mixing or homogenization of the sample in acidic conditions, followed by centrifugation. The choice of protein precipitation solution has been debated (Monostori et al., 2009; Rossi et al., 2002) . In this study, the frozen tissue was homogenized before thawing in ice cold 3% SSA using a bladetype motorized homogenizer. We have obtained satisfying results with this reagent. The focus of this study was largely on the selection of an appropriate derivatizing agent for GSH. For enzymatic cycling assays, derivatization is necessary to isolate GSSG. For some HPLCbased assays, derivatization is also necessary for detection. Because derivatization usually requires neutral to alkaline pH, this choice of reagent is critical. If the reaction is slow, the higher pH conditions will facilitate oxidation of the GSH. This is a major shortcoming of 2VP and other approaches.
The importance of sample handling, acidification reagent and GSH trapping agent has been shown in previous studies (Jones et al., 1998; Rossi et al., 2002; McDermott et al., 2011a,b; Giustarini et al., 2013) . In general, the results of these studies agree with ours and show that samples should be quickly processed, kept cold and derivatized with NEM instead of other trapping reagents. However, in many of these studies the authors were interested in whole blood or plasma, rather than tissue. Researchers working with blood or plasma have the advantage that these samples can be mixed immediately with reagents in order to avoid artificial oxidation. On the other hand, tissue must be harvested, frozen, stored and homogenized -all of which take time and present opportunities for GSH oxidation. Our finding that GSSG levels in intact liver are stable at room temperature for as long as 10 min contrasts with previous results using blood samples, in which GSH is oxidized quickly at room temperature even when acidic (Rossi et al., 2002) . The difference is likely due to protection of the interior of the intact organ from exposure to the ambient atmosphere. However, it is clear that the tissue must be stored long-term at −80°C or below.
Technological advancement and the need for greater sensitivity in clinical detection have led to the introduction of more advanced techniques for determination of GSSG. Detailed reviews have been published elsewhere (Monostori et al., 2009; Iwasaki et al., 2009) . The most popular of these techniques make use of high-performance liquid chromatography (HPLC) separation with UV absorbance (Reed et al., 1980; Katrusiak et al., 2001; Bald and Glowacki, 2005) , chemiluminescence (McDermott et al., 2011a,b) , fluorescence (Imai et al., 1983; Martin and White, 1991; Paroni et al., 1995; Yang et al., 1995; Kand'ar et al., 2007) , electrochemical (Rodriguez-Ariza et al., 1994; Rose and Bode, 1995; Lakritz et al., 1997; Potesil et al., 2005; Sequellerio et al. 2012) , or mass spectrometry-based (Lafaye et al., 2005; Bouligard et al., 2006; Iwasaki et al., 2009; Squellerio et al., 2012; Moore et al., 2013; Zhang et al., 2015; Fahrenholz et al., 2015) detection. Even nanosensors for GSH and GSSG are now being developed (Xu et al., 2012; Moore et al., 2013; Ni et al., 2015) . Although many of these methods provide excellent results, in many cases the high cost of necessary apparatus is an obvious and severely limiting disadvantage.
In this study, we demonstrated the superiority of a method of GSSG measurement in biological samples. The technique is inexpensive (~$0.30 USD per GSSG/GSH determination when C 18 cartridges are regenerated and reused across experiments), accessible (requiring only common laboratory equipment), and capable of producing physiologically accurate results when compared with other common procedures. While the high sensitivity that can be achieved with more advanced methods may necessitate their use in clinical chemistry, we believe the procedure described here is the best available for most common research applications. A proposed mechanism of enzymatic cycling for detection of oxidized glutathione. GSH in the sample reacts with the masking agent (NEM or 2-VP) and is effectively removed from the reaction. The remaining glutathione is in the oxidized form (GSSG). After reaction of GSH and the masking agent is complete and, in some cases, removal of the GSH derivative, the GSSG is converted to GSH by glutathione reductase (GR). The GSH then reacts with a colorimetric reagent, such as 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB; Ellman's reagent). The GSSG can then be recycled by GR to continue the reaction. The absorbance of TNB (412 nm) at a specific reaction time is directly proportional to the concentration of GSSG in the sample. Lines indicate which reagents provide the above reaction constituents. Direct comparison of the effectiveness of NEM and 2VP as thiol-masking reagents in the measurement of GSSG/GSH. Liver samples were collected from healthy C57BL/6J mice and assayed for (A) total GSH (GSH+GSSG), (B) GSSG and (C) GSSG/GSH+GSSG using either NEM or 2VP as the GSH masking agent. Data represent mean ± SE of n = 3-5. *p < 0.05 vs. NEM. Comparison of storage conditions on GSSG/GSH values. Livers were freeze-clamped and assayed for GSSG/GSH either fresh or after 3 days of storage at the indicated temperatures. Data represent mean ± SE of n = 3-5. *p < 0.05 vs. fresh. Comparison of the effects of delayed storage and storage temperature on GSSG/GSH. Livers were kept in ambient conditions for the indicated times before freeze-clamping and measurement of (A) GSSG and (B) GSSG/GSH. Data represent mean ± SE of n = 3. *p< 0.05 vs. fresh.
McGill and Jaeschke Page 15 For GSSG measurement, GSH was trapped using either NEM or 2-VP and GSSG was measured. Data reported as GSH equivalents, mean ± SEM of n = 3-5.
* P < 0.05.
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